The amino acid leucine is thought to be important for skeletal muscle growth by virtue of its ability to acutely activate mTORC1 and enhance muscle protein synthesis, yet little data exist regarding its impact on skeletal muscle size and its ability to produce force. We utilized a tissue engineering approach in order to test whether supplementing culture medium with leucine could enhance mTORC1 signaling, myotube growth, and muscle function. Phosphorylation of the mTORC1 target proteins 4EBP-1 and rpS6 and myotube hypertrophy appeared to occur in a dose dependent manner, with 5 and 20 mM of leucine inducing similar effects, which were greater than those seen with 1 mM. Maximal contractile force was also elevated with leucine supplementation; however, although this did not appear to be enhanced with increasing leucine doses, this effect was completely ablated by co-incubation with the mTOR inhibitor rapamycin, showing that the augmented force production in the presence of leucine was mTOR sensitive.
in mediating the MPS response to both amino acids and muscle loading is evidenced by the fact that in rodents, both stimuli fail to augment the synthetic response when in the presence of the mTOR inhibitor rapamycin (Anthony et al., 2000; Kubica, Bolster, Farrell, Kimball, & Jefferson, 2005) .
The anabolic properties of amino acid ingestion have been largely attributed to the essential amino acids, and in particular the branched chain amino acid leucine. A number of lines of research support this notion; first, whey protein, which has a high leucine content results in superior MPS rates in humans compared to soy or casein, which have lower leucine contents (Tang, Moore, Kujbida, Tarnopolsky, & Phillips, 2009) . Second, ingestion of small quantities of leucine rich essential amino acids activate the downstream mTORC1 target p70S6k and MPS in a comparable manner to 20-25 g of whey protein, and to a greater extent than a bolus of leucine-deficient essential amino acids (Bukhari et al., 2015; Churchward-Venne et al., 2012) , and removal of leucine from an essential amino acid supplement following muscle loading attenuates mTORC1 signaling (Moberg et al., 2014) . Finally, in C2C12 myotubes in vitro, leucine exhibits the most potent stimulation of mTORC1 signaling compared to all other amino acids (Atherton, Smith, Etheridge, Rankin, & Rennie, 2010) , and its deprivation impairs protein synthesis and phosphorylation of p70S6k (Talvas, Obled, Fafournoux, & Mordier, 2006) .
In vitro cultures of skeletal muscle provide a controlled and isolated environment in which to understand cellular and molecular adaptation, and have improved our understanding of the importance of amino acids, and in particular leucine, for skeletal muscle growth (Areta, Hawley, Ye, Chan, & Coffey, 2014; Atherton, Smith et al., 2010; Talvas et al., 2006) . However, a limitation of conventional in vitro methods is the inability of the rigid 2-dimensional substrate to support muscle contraction, and as such only acute experiments are typically possible. Tissue engineered skeletal muscle however allows for skeletal muscle progenitor cells to be cultured on/inside biologically relevant substrates in 3-dimensions, and are less stiff, in turn supporting improvements in levels of skeletal muscle maturation (Engler et al., 2004) , and generation of contractile force. Indeed, the ability to stimulate and measure contractile force within tissue engineered skeletal muscle is well reported (Cheng, Davis, Madden, Bursac, & Truskey, 2014) , and while we and others (Martin et al., 2015; Ostrovidov et al., 2017) have made efforts toward increasing the biological accuracy of such tissues, the removal of interfacing cell types (e.g., motor neurons) allows for muscle specific effects of a given intervention to be explored. As such, engineered skeletal muscle provides an ideal screening platform in which to better understand the impact of leucine supplementation on muscle size and function in an in vitro setting that closely replicates native skeletal muscle architecture and function.
In the present study, we therefore aimed to determine if leucine supplementation would enhance contractile force and myotube size in engineered skeletal muscle, and whether this phenomenon may be dose-dependent. Furthermore, we sought to determine the role of the mTOR signaling pathway in regulating muscle function, and finally aimed to investigate the interaction between chronic (24 hr) electrical stimulation and leucine supplementation in regulating muscle force. We hypothesized that the addition of leucine would augment muscle size and force production in an mTOR dependent manner and that leucine and electrical stimulation would act together to enhance maximal force in engineered skeletal muscle.
2 | METHODOLOGY 2.1 | Cell culture C2C12 myoblasts were purchased from ECACC, and cultured in growth medium (GM) which consisted of high glucose DMEM (Sigma-Aldrich, Dorset, UK), 20% FBS (FBS Good: PAN Biotech, Aidenbach, Germany) and 1% Penicillin-Streptomycin solution (GIBCO/Fisher Scientific, Leicestershire, UK). GM was replenished every other day until cells were approximately 80% confluent, at which point they were trypsinized and counted using the trypan blue exclusion method prior to plating on fibrin hydrogels. All experiments were conducted using cells which had undergone fewer than 10 passages.
| Tissue engineered skeletal muscle constructs
Fibrin hydrogels were fabricated as previously described (Martin et al., 2015) . In brief, two 6 mm silk sutures were pinned into Sylgard coated 35-mm plates (VWR, Leicestershire, UK) 12 mm apart using 0.15 mm minutien pins (Entomoravia, Slavkov u Brna, Czech Republic). Plates were sterilized by ultraviolet light and washing with 70% ethanol and left to dry for approximately 3 hr. Each plate then received 500 μl of GM containing 10U/ml thrombin (Sigma-Aldrich) and 80 mg/ml aprotinin (Sigma-Aldrich) which was spread evenly over the surface of the plate ensuring the sutures were fully covered. 200 μl of 20 mg/ml stock fibrinogen (Sigma-Aldrich) solution was then added to the plate, and was agitated gently to ensure even distribution and then left to incubate for 10 min at room temperature before being transferred to the incubator (37°C) for 1 hr. Following polymerization of the hydrogels, 1 × 10 5 C2C12 myoblasts were seeded on to the surface of the gel in 2 ml of GM which contained 0.25 mg/ml 6-aminocaproic acid (Sigma-Aldrich) to help prevent degradation of the fibrin gel. GM was replenished daily for 3 days, at which point the cells were confluent and the media was switched to differentiation media (DM) consisting of high glucose DMEM containing 2% Horse serum (Sigma-Aldrich), 1% Penicillin-streptomycin and 0.5 mg/ml 6-aminocaproic acid. Following 48 hr in DM, media was switched to maintenance media (MM) in accordance with previous reports (Khodabukus & Baar, 2009 ) consisting of high glucose DMEM, 7%
FBS, 1% penicillin-streptomycin, and 0.5 mg/ml 6-aminocaproic acid.
MM was changed daily for the duration of the experiment (14 days) and was supplemented with 1, 5, or 20 mM of L-leucine (Sigma-Aldrich) and/or rapamycin (100 nM; Millipore, Hertfordshire, UK) from day 9 onward for functional, morphological, and mRNA 
| RNA extraction and RT-qPCR

| Immunostaining
Following 5 days of treatment, each engineered muscle was washed with PBS and fixed using ice cold methanol; acetone solution.
Subsequently, engineered muscle constructs were cut away from the sutures and placed on poly-lysine coated microscope slides water, constructs were mounted on glass coverslips using a drop of Fluoromount™ (Sigma-Aldrich) mounting medium. Engineered muscle constructs were imaged using a Zeiss LSM-710 confocal microscope (Zeiss, Cambridgeshire, UK) and were analyzed using Image J software (NIH).
| Acute functional testing
Functional testing of engineered muscle was conducted as previously described (Martin et al., 2015) . Briefly, at the end of the culture period (14 days total/5 days of treatment) engineered muscle constructs were washed twice in PBS and one anchor from the fibrin construct to be analyzed was removed from the sylgard and attached to a model 403A force transducer (Aurora Scientific, Dublin, Ireland) using canning wax, and a micro-manipulator was used in order to precisely control the position of the engineered muscle. Krebs Ringer Hepes (KRH; 10 mM HEPES, 138 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl 2, 1.25 mM MgSO, 5 mM Glucose, 0.05% Bovine Serum Albumin in dH 2 O) buffer solution was added to the dish containing the construct and two stainless steel electrodes were placed in position either side of the construct and submerged in the KRH buffer prior to functional testing. Impulses were generated using LABview software (National Instruments, Berkshire, UK) connected to a custom built amplifier and maximal tetanic contractions were elicited by stimulating at 100 Hz at 3.5 V/mm. Data were acquired using a Powerlab 4/25T unit with associated software (AD instruments, Oxfordshire, UK) with a sampling rate of 1 KHz.
| Electrical stimulation
After 13 days in culture, MM was removed from engineered muscle constructs and constructs were transferred to a custom built 3-D printed plate and 4 ml of respective MM were replenished. A modified 6-well plate lid with pairs of stainless steel electrodes 1 cm apart was then placed on to the constructs, with care taken to ensure that each set of electrodes were positioned either side of the muscle constructs in order to deliver electric field stimulation.
Electrical stimulation was delivered to the constructs using LABview software (National Instruments) connected to a custom built amplifier and in turn attached to the stainless steel electrodes.
Based on a previously published protocol (Khodabukus & Baar, 2012 ) with some slight modifications, stimulation consisted of 5 bipolar 1 ms pulses delivered at 1 V/mm and 10 Hz with 3.5 s rest periods. After 24 hr, stimulation was terminated and constructs were tested as described above in section 2.6.
| Statistical analysis
All data are presented as mean ± SEM. Normality of distribution and homogeneity of variance in all data sets were determined using a 3.2 | Leucine supplementation augments myotube size and contractile force in tissue engineered skeletal muscle
Leucine had a hypertrophic effect on engineered muscle, as evidenced by the increase in myotube width in supplemented constructs compared with controls. All doses of leucine appeared to result in myotube growth and 20 mM at 17.4 ± 1.8 μm, compared to control constructs where myotube width was measured at 13.9 ± 1.4 μm after 14 days in culture. In this instance, while the mean increase in myotube width was apparent compared to controls even with 1 mM leucine supplementation, this was not significant (p = 0.15), and therefore more than 1 mM leucine was required to induced significant hypertrophy in engineered skeletal muscle.
C2C12 engineered muscles predominantly expressed type I myosin heavy chain isoforms and exhibited positive force frequency when stimulated ( Figure S1 ), thus confirming engineered muscle as a suitable model of adult skeletal muscle; and thus the effects of leucine on in vitro muscle function were determined. The addition of leucine to the cell culture media significantly enhanced relative force production (p < 0.05), with all three concentrations associated with elevated tetanic force production compared to the control constructs (Figure 3) . Interestingly, although the addition of leucine augmented force production, this did not appear to be dose-dependent, with 1, 5, and 20 mM leucine concentrations augmenting mean maximal force by 63.5%, 44.5%, and 86.3%, respectively in comparison to control constructs, with the difference between 5 mM and 20 mM reaching statistical significance (p < 0.05).
| Enhanced contractile force with leucine supplementation is mTOR dependent
To test whether the increase in force associated with leucine supplementation was mTOR dependent, leucine was next co-incubated with the mTOR inhibitor rapamycin (see supplementary Figure S2 ). We tested engineered skeletal muscle under five conditions, namely; day 9 control (the time at which leucine was added), day 14 control, rapamycin alone, leucine alone, and leucine + rapamycin. Engineered muscle supplemented with leucine again produced greater contractile force relative to 14 day old control constructs (204.8 ± 9.4 μN vs. 114.8 ± 13.5 μN, p < 0.05). When leucine was supplemented in combination with 100 nM rapamycin however, the increase in force was completely blunted. Indeed, the addition of rapamycin either alone (16.7 ± 1.4 μN) or in combination with leucine (21.6 ± 1.1 μN) resulted in maximal contractile force lower than that of 14 day old controls but similar to that of day 9 controls (27.5 ± 1.9 μN, Figure 4a ).
To determine if the blunting of contractile force was driven by attenuated myotube hypertrophy, engineered muscles were stained for desmin and myotube widths determined. As expected, coincubation of leucine with rapamycin completely blocked hypertrophy, with average myotube widths in leucine supplemented constructs measuring 16.5 ± 3.0 μm compared to 10.5 ± 1.0 μm in the leucine + rapamycin engineered muscles (p < 0.05), while no difference existed in myotube width between either day 9 and 14 controls or rapamycin alone or in combination with leucine ( Figure 4b ). In addition, there was no difference in the number of myotubes between conditions (supplementary Figure S2 ). This suggests that rapamycin completely attenuates leucine associated myotube hypertrophy, and furthermore shows that the increase in contractile force from day 9 to 14 in control constructs is not related to increased myotube width. phosphorylation with leucine supplementation, although, this was not mirrored in other mTORC1 related protein kinases tested. Furthermore, in the present study we found that 5 days of leucine supplementation had no effect on the expression of markers of the ubiquitin-proteasome or autophagy-lysosome system. This was slightly surprising since mTORC1 activation is associated with inhibition of autophagy (Sandri, 2013) , and there is evidence that amino acid ingestion can also prevent elevations in MuRF-1 (Trim63) and MAFbx (Fbxo32) expression at rest and following exercise Leucine associated increases in contractile force and myotube size are mTOR dependent. (a) Addition of the mTOR inhibitor rapamycin (100 nM) for the final 5 days of culture either alone or in combination with leucine (20 mM) resulted in blunted maximal force production which was similar to that seen at day 9 of culture and lower than that observed after 14 days of culture. (b) Rapamycin prevented the leucine induced myotube hypertrophy, but did not induce significant atrophy of the myotubes. Data are mean ± SEM for a minimum of n = 4 engineered muscles. * indicates statistically greater than 9 day Control (p < 0.05), # indicates significantly greater than 14 day control (p < 0.05) (Borgenvik, Apro, & Blomstrand, 2012; Herningtyas et al., 2008) . Our in vitro data support in vivo human data reporting no alterations in proteolytic gene expression following ingestion of leucine or its metabolite β-Hydroxy-β-methylbutyrate in healthy young men (Wilkinson et al., 2013) , although, since we measured changes in mRNA expression, we cannot discount the possibility that differences may have been observed at an earlier time point.
Myotube growth following chronic leucine supplementation followed a similar dose-dependent trend to that of the mTORC1 signaling induction. Indeed, although myotube hypertrophy was observed with 1 mM leucine supplementation, this effect was not statistically significant until higher doses were supplemented.
Furthermore, this concordance between the anabolic signaling response and the alteration in myotube hypertrophy supports the work of (Mitchell et al., 2014) , which showed a positive relationship between 4EBP-1 phosphorylation and changes in muscle volume with resistance training in men, suggesting that the responses observed in vivo are closely mirrored in engineered skeletal muscle in vitro.
A key finding of our study was that supplementing the culture media of engineered skeletal muscle constructs with leucine for the final 5 days of experimentation augmented maximal contractile force by up to ∼80%. Indeed, while other investigations have observed an augmented functionality of engineered muscles following chronic treatment with pharmacological agents (Madden, Juhas, Kraus, Truskey, & Bursac, 2015; Syverud, VanDusen, & Larkin, 2016; Weist et al., 2013) , this represents the first report of how amino acids can enhance skeletal muscle contractile function in vitro, thus providing novel data regarding leucine's anabolic properties. Furthermore, the present data show that the enhancement in maximal force production in the presence of leucine was not dose-dependent, which is in contrast to our findings for signaling through mTORC1 and myotube size, and perhaps suggests that the additional muscle growth at higher leucine doses is partially a result of accretion of non-contractile proteins.
Rapamycin completely blunted the increase in force which was found to occur over the final 5 days of culture (day 9-14) in the absence of leucine, suggesting that this adaptation is mTOR dependent. Moreover, since neither myotube size or total number were reduced with rapamycin treatment, and were not different over the final 5 days of culture, the increase in force is likely due to other mTOR dependent processes leading to maturation of the myotubes.
Indeed, in mice where mTOR is specifically knocked out in skeletal muscle maximal force production was reduced even when accounting for the loss of muscle size, and this force decrement was associated with reduced expression of components of the dystrophin-dystroglycan complex (Risson et al., 2009) . While this was not a primary outcome of the present study, it would be interesting in the future to determine the reasons for blunted force production in engineered skeletal muscle treated with rapamycin.
When rapamycin was incubated alongside leucine the measured contractile force was equivalent to that measured at 9 days of culture (i.e., less than that observed at day 14 in the absence of leucine), clearly
showing that leucine augments contractile force in an mTOR sensitive manner. Rapamycin also completely blunted leucine associated myotube growth, similar to previous findings in rodents following compensatory hypertrophy (Bodine et al., 2001) , suggesting that the impact on muscle force was at least partially due to lack of muscle growth.
Since, muscle loading (e.g., resistance exercise) and amino acids can stimulate mTORC1 and protein synthesis through diverse mechanisms (Marcotte et al., 2015) , and as such implement an additive effect on muscle growth, we conducted a final set of experiments to determine if this effect could be modelled in vitro, and whether the two stimuli would act together to increase maximal muscle force production. It was found that both leucine and electrical stimulation alone resulted in an approximately 60% increase in maximal force production, while combining the two stimuli resulted in an approximately 110% increase in contractile force compared to control muscles. The augmentation of maximal contractile force of engineered skeletal muscle described here is pertinent for the tissue engineering community, since a considerable limitation in the use of engineered muscle constructs for regenerative medicine lies in the fact that force production is far less than that of native muscle (Bian & Bursac, 2008) . As such, the present data reveals that the use of electrical stimulation in combination with leucine may help to overcome this limitation, and when used in combination with other factors such as TGF-β or agrin, which have previously been shown to enhance contractile force (Bian & Bursac, 2012; Weist et al., 2013) may allow the use of engineered muscle for regenerative medicine to become a reality.
While electrical stimulation alone also resulted in myotube hypertrophy, in our system, and with the variables tested, leucine appears to be a greater driver of muscle growth since leucine alone resulted in greater hypertrophy than stimulation alone and was not different to leucine and stimulation in combination. This may be a result of the discrepancy between respective intervention times (i.e., 24 hr stimulation vs. 5 days leucine), and it is of note that the stimulation regime was chosen based on a protocol known to enhance contractile force. Khodabukus & Baar (2012) have previously established that the augmentation in force as a consequence of the same 24 hr electrical stimulation as used in the present study can only be ablated by approximately 40% in the presence of rapamycin, suggesting that the additional increase in force is driven through alternative mechanisms and not myotube hypertrophy. In the future it would be interesting to see if longer periods of contractile activity result in increased myotube growth, and whether the effect of leucine remains additive.
In conclusion, the present work shows that the amino acid leucine can activate mTORC1 signaling and muscle growth in tissue engineered skeletal muscle and that this response appears to be somewhat dose dependent. Importantly, we show for the first time that leucine can enhance maximal contractile force in an mTOR-sensitive manner and that leucine and electrical stimulation can be used together to augment this response. These data provide strong validation for the use of engineered skeletal muscle as a tool in biomedical research concerned with nutrition and skeletal muscle physiology and function, and highlights the potential for leucine supplementation as a clinical therapy in conditions associated with impaired muscle strength and reduced size.
